To evaluate the impact of hepatitis C virus (HCV) on the immune system before receipt of highly active antiretroviral therapy (HAART) and on immune recovery after receipt of HAART among human immunodeficiency virus (HIV)/HCV-coinfected women enrolled in the Women's Interagency HIV Study.
less clear-there have been a number of discordant findings. Some studies have reported that HCV accelerates the progression of HIV disease [8] [9] [10] [11] , whereas others found no impact [12, 13] . Variation in the definition of the progression of HIV disease-based on incidences of opportunistic infections or decreases in CD4 + T cell count, sample size, duration of follow-up, and other cofounding variables-may have contributed to these conflicting findings.
Few studies have evaluated the effect of HCV coinfection on immune recovery after the initiation of highly active antiretroviral therapy (HAART). In those studies, immune recovery was defined by either the magnitude or rate of increases in CD4 + T cell counts over time, with controversial findings. Some studies have reported that the level and rate of increases in CD4 + T cell counts are lessened and slower in coinfected than in Downloaded from https://academic.oup.com/jid/article-abstract/193/9/1202/1012064 by guest on 31 December 2018 monoinfected patients [10, 14, 15] , whereas others did not find a negative association between HCV coinfection and CD4 + T cell responses after the initiation of HAART [16] [17] [18] . None of these studies, however, evaluated a larger breadth of immunophenotypic markers relevant to immune function.
Through the Women's Interagency HIV Study (WIHS), a multicenter cohort established in 1993 in the United States, where ∼39% of HIV-infected women are coinfected with HCV, we retrospectively evaluated the impact of HIV/HCV coinfection on immune recovery after the initiation of HAART between HIV-monoinfected women and women coinfected with HCV who have either cleared or did not clear HCV. Immune recovery was evaluated by examining alterations in CD4 + and CD8 + T cell counts and alterations in the dynamics of activation and naive/memory T cell status within the CD4 + and CD8 + T cell compartments.
MATERIALS AND METHODS
Study design and classifications. The present study included adult HIV-positive women enrolled in the WIHS cohort. Characteristics of the WIHS cohort have been described elsewhere [19] . WIHS used a standard definition of antiretroviral therapy: (1) untreated, (2) monotherapy (any single antiretroviral therapy within the preceding 6 months), (3) combination therapy (all combination therapies except HAART within the preceding 6 months), and (4) HAART within the preceding 6 months. HAART was defined as (1) у2 nucleoside reverse-transcriptase inhibitors (NRTIs) in combination with at least 1 protease inhibitor (PI) or 1 nonnucleoside reverse-transcriptase inhibitor (NNRTI; 82% of regimens classified as HAART); (2) 1 NRTI in combination with at least 1 PI and at least 1 NNRTI (14% of regimens); (3) a regimen that contained ritonavir and saquinavir in combination with 1 NRTI and no NNRTIs (2% of regimens); and (4) a regimen of у3 NRTIs including abacavir or tenofovir, in the absence of both PIs and NNRTIs (2% of regimens). Combinations of zidovudine and stavudine with either a PI or NNRTI were not considered to constitute HAART. HIV treatment was initiated from 1996 to 2001. None of the participants received treatment for HCV for the duration of the study.
Women in WIHS are monitored at 6-month intervals; clinical information (including self-reported treatment history) and blood are collected at each visit. Women included in the study initiated HAART and had a pre-HAART visit (defined here as the baseline) and 2 consecutive post-HAART follow-up visits, defined as post-HAART visit 1 (at 0-6 months) and post-HAART visit 2 (at 6-12 months). Details of patients by HCV status and visit are shown in table 1. On the basis of HCV serostatus and RNA status at the pre-HAART visit, 148 women were HCV antibody negative (HCV Ϫ ), 34 were HCV antibody positive but RNA negative (HCV + RNA Ϫ ), and 112 were HCV antibody and RNA positive (HCV + RNA + ). A total of 893 samples were analyzed in this retrospective study. Clinical information at each time point, plasma, and peripheral blood mononuclear cells (PBMCs) were available for these patients. The study was conducted in accordance with institutional review board guidelines for human research at each of the participating sites.
Viral load measurements and HCV serologic results. Blood was collected for viral load measurements in sodium citrate cell-preparation tubes (Vacutainer brand tubes; Becton-Dickinson), which were either processed within 6 h or centrifuged at 1500 g and then processed and stored at Ϫ80ЊC as directed by the manufacturer. Plasma HIV RNA levels were measured using the NASBA/NucliSens HIV RNA assay (bioMérieux), in accordance with the manufacturer's recommendations. Plasma HIV RNA measurements were conducted by personnel in laboratories that participate in and are certified by the National Institutes of Health (NIH), National Institute of Allergy and Infectious Diseases, Virology Quality Assurance certification program [20] . HCV RNA was measured using COBAS Amplicor HCV Monitor 2.0 (Roche Diagnostics) with a linear range of 600-700,000 IU/mL. Because we anticipated that coinfected women would have HCV RNA levels higher than the upper limit of the assay, all samples were initially diluted 1:10; if they were found to be negative for HCV RNA, they were retested in undiluted form using a qualitative Amplicor HCV assay, which has a lower detection limit of 50 IU/mL (Roche Diagnostics); if these were positive, they were retested in undiluted form with the quantitative assay. All specimens that were nonreactive in both HCV quantitative and qualitative polymerase chain reaction assays were considered to be HCV RNA negative. HCV serologic results were determined at entry by the contemporary HCV commercial EIAs. Additionally, all women with undetectable HCV RNA were retested by HCV 3.0 EIA (Ortho Diagnostic), and all results with a signal-to-cutoff ratio !3.8 were confirmed by RIBA 3.0 (available at: http://www.cdc.gov/mmwr/preview/ mmwrhtml/rr5203a1.htm#fig4).
Immunofluorescence staining and flow-cytometric analysis. The expression of naive/memory, activation, and functional markers on CD4 + and CD8 + T cells were analyzed using frozen PBMCs and 3-or 4-color flow cytometry. All antibodies (anti-CD3, -CD4, -CD8, -HLA-DR, -CD38, -CD27, -CD45RO, -CD95, -CD45RA, and -IgG) were purchased from either Becton Dickinson or PharMingen. Flow-cytometric analyses were performed using a FACSCalibur flow cytometer with Cell Quest software (Becton Dickinson). Activated cells were defined as HLA Ϫ DR + CD38 + , naive T cells were defined as CD45RO Ϫ CD27 + CD95 Ϫ , and memory T cells were defined as CD45RO + CD27 Ϫ CD95 + .
Statistical analysis. x 2 square tests were used for the comparison of demographic and clinical characteristics among HCV Ϫ , HCV + RNA Ϫ , and HCV + RNA + women. To evaluate the level of markers of activation and maturation on CD4 + and CD8 + T cells NOTE. Current injection drug use (IDU) reflects injection drug use during the 6 months preceding the pre-HAART visit. HCV + , HCV antibody positive; HCV Ϫ , HCV antibody negative; RNA + , HCV RNA positive; RNA Ϫ , HCV RNA negative.
among the 3 HCV groups at the pre-HAART visit, a general linear model was used for each marker. The change in marker levels after HAART, in comparison with pre-HAART levels, was also assessed within each HCV group for each marker, using a general linear model. To compare overall marker levels and patterns of change over the pre-HAART, and post-HAART 1, and post-HAART 2 visits among the 3 HCV groups, repeated-measures analysis of variance was used. To investigate the relationship between immune markers and demographic and clinical factors, multivariate analysis of data from the pre-HAART to post-HAART 1 and post-HAART 2 visits was performed, using repeated-measures analysis of variance adjusting for age, ethnicity, current smoking, current injection drug use, pre-HAART CD4 + cell counts (1500, 351-500, 201-350, or !200 cells/mm 3 ), pre-HAART antiretroviral treatment (no treatment, monotherapy, or combination therapy), HCV status (HCV Ϫ , HCV + RNA Ϫ , or HCV + RNA + ), and HIV response (not applicable [pre-HAART HIV load of р1000 copies/mL or at the limit of assay detection], complete response [HIV load at post-HAART visit 1 undetectable, !80 copies/mL], no response [de-crease in HIV load at post-HAART visit 1 from pre-HAART visit of !0.5 log 10 ], and partial response [decrease in HIV load at post-HAART visit 1 from pre-HAART visit of 10.5 log 10 but not !80 copies/mL]). These definitions were based on NIH standards (available at: http://aidsinfo.nih.gov/guidelines/adult/ AA_100605.pdf). For all the statistical tests applied, 2-tailed was considered to be statistically significant. SAS sta-P ! .05 tistical software (version 9; SAS Institute) was used to conduct the analyses.
RESULTS

Demographic characteristics of the participants.
All of the participants in the study were infected with HIV. A detailed demographic description of the cohort is listed in table 1. HCVnegative women, as indicated by serologic and virologic testing, constituted ∼50% of the participants (HCV Ϫ ); ∼38% of the women were HCV positive by both serologic and virologic testing (HCV + RNA + ); and ∼12% of the women showed cleared/ suppressed HCV replication, as indicated by a positive serologic and a negative virologic response (HCV + RNA Ϫ ). HCV-positive women were, in general, older and more likely to have had 110 sex partners, and women with HCV viremia were more likely to be active injection drug users. CD4 + T cell counts and HIV RNA levels were similar among the 3 groups.
Impact of HCV coinfection on alterations in the CD4 + T cell compartment at the pre-HAART and post-HAART visits.
To examine the impact of HCV coinfection on the status of the immune system and on its possible influence on immune recovery after the initiation of HAART, we evaluated absolute CD4 + T cell counts and a number of immunophenotypic markers on CD4 + T cells reflective of immune activation (CD4 + HLA-DR + CD38 + ), naive (CD4 + CD45RO Ϫ CD27 + CD95 Ϫ ), and memory (CD4 + CD45RO + CD27 Ϫ CD95 + ) T cell status at baseline and at the post-HAART 1 and 2 visits in the 3 HIV-infected groups (HCV Ϫ , HCV + RNA Ϫ , and HCV + RNA + ). All analyses consisted of a comparison between the unadjusted analysis for the mean percentage expression of each marker among the 3 groups and multivariate repeated-measures analyses of variance, adjusting for age, ethnicity, current smoking, current injection drug use, pre-HAART CD4 + T cell counts (1500, 351-500, 201-350, or !200 cells/mm 3 ), pre-HAART antiretroviral treatment (no treatment, monotherapy, or combination therapy), HCV status (HCV Ϫ , HCV + RNA Ϫ , or HCV + RNA + ), and HIV response.
The absolute number of CD4 + T cells was similar among the 3 HCV groups at baseline ( figure 1A) . Specifically, mean CD4 + T cell expression in the HCV Ϫ group was 365 cells/mL; in the HCV + RNA Ϫ group, it was 388 cells/mL, and in the HCV + RNA + group, it was 339 cells/mL ( ; figure 1A) . After the initiation P 1 .2 of HAART, absolute CD4 + T cell counts increased within each group, and the pattern of change, as indicated by the slope of the line, was similar among the 3 groups ( figure 1A) . The percentage of activated CD4 + T cells were also similar among the 3 groups ( ; figure 1B) at baseline. After the initiation P 1 .1 of HAART, the percentage of activated CD4 + T cells was reduced among the 3 groups ( , figure 1B) , independent of HCV P ! .001 serostatus.
Absolute numbers of naive and memory CD4 + T cells were also similar among the 3 groups at baseline, and the pattern of change was similar among the 3 groups (data not shown). Of interest are markers demonstrating the coexpression of CD27 and CD95, with or without CD45RO expression. These markers were higher in HCV + RNA + and HCV + RNA Ϫ than in HCV Ϫ women. Specifically, CD4 + CD45RO Ϫ CD27 + CD95 + cell counts were increased in the HCV + groups, independent of RNA status, in comparison to the HCV Ϫ group ( ; figure 1C ). After P ! .05 the initiation of HAART, the percentage of these cells remained unchanged within each group but was still higher in the HCV + RNA + and HCV + RNA Ϫ groups than in the HCV Ϫ group. Similarly, CD4 + CD45RO + CD27 + CD95 + cells exhibited a trend toward higher expression in the HCV + RNA + and HCV + RNA Ϫ groups (HCV + RNA Ϫ , ; HCV + RNA + , ), but this P p .06 P p .08 trend did not reach statistical significance until after the initiation of HAART (HCV + RNA Ϫ , ; HCV + RNA Ϫ , ) (fig-P p .006 P p .004 ure 1D). On the basis of current knowledge of T cell differentiation markers, it is likely that CD4 + CD45RO Ϫ CD27 + CD95 + and CD4 + CD45RO + CD27 + CD95 + cells represent central memory (CM) and effector memory (EM) T cells, respectively. Collectively, within the CD4 + T cell compartment, our data indicate that HCV coinfection does not affect pre-HAART values of absolute CD4 + T cell counts, the percentage of activated cells, and absolute naive and memory T cells but that it leads to enhanced expression of primed/memory T cells. HCV coinfection also did not alter HAART-mediated responses in the immunophenotypic profile of CD4 + T cells.
Impact of HCV coinfection on alterations in the CD8 + T cell compartment at the pre-HAART and post-HAART visits.
At baseline, although absolute numbers of CD8 + T cells were similar between the HCV Ϫ and HCV + RNA + groups, they were significantly higher in the HCV + RNA Ϫ group ( ), com-P p .003 pared with the HCV Ϫ group (figure 2A) . After the initiation of HAART, numbers of CD8 + T cells did not significantly change within each group from pre-HAART values, with CD8 + T cell counts being still higher in the HCV + RNA Ϫ group (P ! .001; figure 2A ). The percentage of activated CD8 + T cells was similar at baseline among the 3 HCV groups ( ), and the P 1 .2 magnitude of decline among the 3 groups after the initiation of HAART was similar ( figure 2B ). The percentage of CD8 + naive T cells was equivalent before and after the initiation of HAART among the 3 groups (data not shown). The percentage of CD8 + memory T cells was higher in the HCV + RNA + groups than in the HCV Ϫ group, whereas the HCV + RNA Ϫ group demonstrated a trend toward higher baseline values of CD8 + naive 
T cells (
, data not shown). It is likely that this trend P p .08 did not reach statistically significant values because of the smaller number of HCV + RNA Ϫ women in the study ( ), n p 34 which is inherent to the observation that only 10%-15% of HCV-infected individuals will clear HCV. The overall pattern of change after the initiation of HAART within the percentage of CD8 + memory T cells was similar among the 3 groups.
As in the CD4 + T cell compartment, alterations in CD27 and CD95 on CD45RO + or CD45RO Ϫ cells were also observed in CD8 + T cells. Specifically, CD8 + CD45RO Ϫ CD27 + CD95 + cells were higher in HCV + RNA Ϫ group than in the HCV Ϫ group at baseline ( ; figure 2C ). After the initiation P p .02 of HAART, they remained higher in the HCV + RNA Ϫ group and reached statistical significance in the HCV + RNA + group ( figure 2C) . The pattern of change within each group after the initiation of HAART was similar in the percentage expression of this population. The other effector population (CD8 + CD45RO + CD27 + CD95 + ) within the CD8 + T cell compartment was also higher in the HCV + RNA + group at baseline than in the HCV Ϫ group ( ) while exhibiting a trend P p .04 toward higher levels in HCV + RNA Ϫ group ( ) (figure P p .07 2D). After the initiation of HAART, the percentage expression of CD8 + CD45RO + CD27 + CD95 + T cells remained increased in both HCV + (RNA + or RNA Ϫ ) groups, compared with the HCV Ϫ group ( ; figure 2D ). HAART per se, however, did not P ! .0001 alter the percentage of these cells, and the pattern of change was similar among the 3 groups after the initiation of HAART. Current smoking did not affect any of the immunologic markers examined in the CD4 + and CD8 + T cell compartments.
Multivariate analysis of CD4 + T cell count and percentage expression of CD45RO 5 CD27 + CD95 + and CD45RO + CD27 + CD95 + T cells in the CD4 + and CD8 + T cell compartments.
Given that CD4 + and CD8 + CD45RO Ϫ CD27 + CD95 + and CD45RO + CD27 + CD95 + T cells were higher in the HCV + RNA + and HCV + RNA Ϫ groups at baseline, we investigated the relationship with clinical (pre-HAART CD4 + T cell count, HIV response, HCV status, and HAART visit) and demographic (age, ethnicity, current smoking, and current injection drug use) parameters. Viral responses were classified as no response, partial response, complete response, or not applicable as defined in the statistical analysis subsection. As shown in table 2, the percentage of CD4 + CD45RO + CD27 + CD95 + T cells was higher if the pre-HAART CD4 + T cell count was between 201 and 350 cells/mm 3 ( ). As was reported above, the P p .04 CD4 + CD45RO + CD27 + CD95 + T cell population was higher in the HCV + groups, independent of RNA status, compared with the HCV Ϫ group (table 2). The percentage expression of CD4 + CD45RO Ϫ CD27 + CD95 + T cells was inversely correlated with the pre-HAART CD4 + T cell count. Specifically, as the pre-HAART CD4 + T cell counts decreased from 201-350 to !200 cells/mm 3 , the percentage difference in these cells increased from 4.2% to 8.0%, compared with women who had pre-HAART CD4 + T cell counts 1500 cells/mm 3 ( f o r P ! .01 both) (table 2). The CD4 + CD45RO Ϫ CD27 + CD95 + T cell population was lower in HIV responders and partial responders ( for both), and the decrease was evident at post-HAART P ! .01 visits both 1 and 2 (table 2) . Finally, as expected, CD4 + T cell counts were higher for patients with the highest pre-HAART CD4 + T cell counts, were higher for both virologic responders and partial responders, and were higher after the initiation of HAART (table 2) . None of these changes, as reported above, were affected by HCV serostatus (table 2) .
In the CD8 + T cell compartment, the percentage of CD8 + CD45RO + CD27 + CD95 + T cells was higher in the HCV + groups, independent of HCV RNA status (table 2) . This population did not correlate with any other clinical or demographic parameter evaluated (table 2). The percentage of CD8 + CD45RO Ϫ CD27 + CD95 + T cells was higher in the HCV + RNA Ϫ group ( ), and there was a trend toward P p .0002 higher levels in the HCV + RNA + group ( ). This popu-P p .06 lation was lowest in partial responders ( ), was lower in P p .03 women who received combination therapy ( ), and was P p .02 NOTE. Bold type indicates statistical significance. Complete response, HIV load at post-highly antiretroviral therapy (HAART) visit 1 (0-6 months) undetectable (!80 copies/mL); no response, decrease in HIV load at post-HAART visit 1 from pre-HAART visit of !0.5 log 10 ; not applicable, pre-HAART HIV load р1000 copies/ mL or less than the lower limit of detection; partial response, decrease in HIV load at post-HAART visit 1 from pre-HAART visit of 10.5 log 10 , but detectable.
a At the pre-HAART visit.
highest in women with pre-HAART CD4 + T cell counts !200 cells/mm 3 ( ) (table 2) . P p .03
DISCUSSION
We evaluated the impact in HIV-infected individuals of HCV coinfection on immunophenotypic markers of the immune system and on clinical responses to HAART. HCV coinfection does not appear to alter the extent of the CD4 + T cell decline or immune responses to HAART in coinfected women. This observation indicates that the lower in CD4 + T cell count in coinfected patients is driven by HIV and not HCV, because CD4 + T cell counts were similar at baseline between the HIVmonoinfected and HIV/HCV-coinfected women and increased at the same rate after the initiation of HAART. Additionally, these data suggest that HCV in coinfected patients does not add to the HIV-mediated destruction of CD4 + T cells. This finding is in contrast to an observation reported in a Swiss cohort by Greub et al. [10] , which pointed to an impairment in CD4 + T cell recovery in HCV-coinfected patients, but our study is in agreement with other results [16] [17] [18] . Given that both our study and that of Greub et al. had a large number of patients, it is unlikely that the opposing conclusion regarding CD4 + T cell recovery is driven by a lack of statistical power, but it could be driven by variations in the demographic characteristics of the patients included in both studies. In particular, in the Greub et al. study, HCV-infected and -uninfected patients were at opposite end of the spectrum in terms of reported injection drug use; ∼5% of HCV-uninfected patients reported injection drug use, compared with 89% of HCV-infected patients. In the present study, the HCV-infected and -uninfected patients were similar in their active use of injection drugs, with 186% in each group reporting no current injection drug use. Additionally, our data were exclusively based on women, whereas, in the Swiss cohort, women constituted only ∼30% of the cohort [10] . Conflicting results may also have been driven by sex differences.
There are several populations of memory T cells: EM, CM, and terminally differentiated EM [21] [22] [23] [24] [25] . Although all memory cells can mount a recall immune response, CM cells are more long-lived and have higher proliferative capacity [26] . CD62L and CCR7 coexpression is widely used to distinguish between memory subsets [27] , but they are not ideal for retrospective study, because CD62L can be shed from the cell surface and is not stable on frozen samples. These markers also seem to be more indicative of homing location rather than differentiation status [25, 28] . We evaluated the frequency of CD45RO + CD27 Ϫ CD95 + and CD45RO Ϫ CD27 + CD95 Ϫ T cells, to distinguish between memory and naive T cells, respectively. Similar patterns emerged in the CD4 + and CD8 + T cell compartments; naive T cells were not affected by HCV serostatus at baseline or in response to HAART. However, although memory CD4 + T cells were not affected by HCV coinfection, memory CD8 + T cell counts were higher in the HCV + RNA + group. This finding suggests a role of this population in HCV and warrants further investigation.
Certain subsets of CD4 + and CD8 + memory T cells were also increased in HCV-infected women, and they remained higher after the initiation of HAART. These populations were CD45RO Ϫ CD27 + CD95 + and CD45RO + CD27 + CD95 + T cells; on the basis of CD45RO and CD27 expression, it is plausible that they represent CM and EM T cells, respectively. Further phenotypic markers need to be assessed to determine the nature of these effector populations. The CM population is believed to be a more potent responder to recall antigen, and it may have been responsible for driving HCV clearance in the HCV + RNA Ϫ group. These data also suggest that HCV coinfection may induce the expansion and/or preservation of these memory T cell populations. These cells may be maintained as a response to continuous antigen stimulation by HIV and HCV. Evidence for extrahepatic HCV replication in PBMCs, especially in HIV/ HCV-coinfected patients, is well documented [29] [30] [31] [32] [33] , and it may be responsible for the antigen load in the periphery, leading to the expansion of these populations. It would be of interest to determine whether these cells are indeed HCV specific, as can be evaluated by tetramer technology. Because these cells are CD95 + (Fas receptor), they may be more susceptible to Fasand Fas ligand-mediated apoptosis. In vitro studies, however, have indicated otherwise. Cells coinfected with HCV and HIV are protected against apoptosis through a factor or factors secreted by HCV [34] [35] [36] . However, ex vivo data may be different from those in vivo studies, and CD95 expression on cells alone does not necessarily indicate that those cells are programmed to undergo apoptosis; they may be susceptible to apoptosis under the appropriate signals.
Although we did not find that HCV coinfection leads to further reductions in the number of CD4 + T cells or altered HAART-mediated immune responses, immunophenotypic analysis alone is not a comprehensive indicator of immune integrity. A recent report indicated that T helper responses are impaired in coinfected patients to a greater extent than monoinfected patients, as measured by effector function responses [37] . Therefore, HCV infection may lead to additional functional impairments without altering the number of such cells.
